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Using four-terminal nonlocal magnetoresistance measurements in lateral spin-valve devices with
Si0.1Ge0.9, we study pure spin current transport in a degenerate SiGe alloy (n ∼ 5.0 × 10
18 cm−3).
Clear nonlocal spin-valve signals and Hanle-effect curves, indicating generation, transport, and
detection of pure spin currents, are observed. The spin diffusion length and spin lifetime of the
Si0.1Ge0.9 layer at low temperatures are reliably estimated to be ∼0.5 µm and ∼0.2 ns, respectively.
This study demonstrates the possibility of exploring physics and developing spintronic applications
using SiGe alloys.
Binary semiconductor alloys, Si1−xGex (0 ≤ x ≤ 1),
have been studied in the field of complementary metal-
oxide semiconductor (CMOS) technologies,[1–7] opto-
electronics for telecommunications,[8, 9] quantum-Hall
systems,[10–12] and quantum information processing.[13,
14] In particular, the SiGe alloys have been utilized
for introducing the strain to the channel layers in the
source/drain area or in the substrate to enhance the
electron and hole mobility in CMOS transistors.[2–6]
Also, the Si/SiGe and Ge/SiGe heterostructures enable
bandgap engineering and one can control the conduction
and valence band structures by adjusting the Ge content
x.[4, 15–17] Accordingly, if spintronic technologies are
integrated into the Si-CMOS technologies, the compati-
bility between SiGe and spintronics should be explored.
By electrical means in spin-valve device structures,
spin injection/detection and spin relaxation in Si[18–24]
and Ge[25–30] have been investigated in detail. In par-
ticular, recent progress of technological developments for
detecting pure spin current transport at room tempera-
ture in Si [21, 23, 24] and Ge [31] by four-terminal nonlo-
cal magnetoresistance measurements is noteworthy. On
the other hand, those technologies in SiGe alloys have not
been developed yet although the generation of spin po-
larized carriers induced by circularly polarized light has
been reported.[32–34] For bulk Si1−xGex (0 ≤ x ≤ 1),
if the composition reaches x ∼ 0.85, the bottom of the
conduction band can vary from L point to ∆ one,[4, 15–
17] leading to the marked change in electrical properties
including g-factor.[35] However, there is almost no infor-
mation on physics of pure spin current transport in SiGe
alloys. As a first step for developing SiGe spintronic tech-
nologies, one should concentrate on a simple composition
of x > 0.85, known to maintain a Ge-like electronic band
structure having the bottom of the conduction band at
around L point in the k-space.[4, 15–17]
In this letter, by using four-terminal nonlocal mag-
netoresistance measurements in Si0.1Ge0.9-based lateral
spin-valve (LSV) devices, we show reliable pure spin cur-
rent transport in an n-type Si0.1Ge0.9 (n-SiGe) layer at
low temperatures. Clear nonlocal spin-valve signals and
Hanle-effect curves are observed at low temperatures, in-
dicating generation, manipulation, and detection of pure
spin currents in n-SiGe. From one dimensional spin dif-
fusion models, we can estimate the spin diffusion length
(λSiGe) and spin lifetime (τSiGe) of a SiGe layer used here
to be ∼0.5 µm and ∼0.2 ns, respectively, at low temper-
atures.
In the following, the growth of a Si0.1Ge0.9 spin-
transport layer used in this study is explained. Using
molecular beam epitaxy (MBE), we firstly formed an un-
doped Ge(111) layer (∼30 nm) grown at 350 ◦C (LT-Ge)
on the undoped Si(111) substrate (ρ ∼ 1000 Ωcm), fol-
lowed by an undoped Ge(111) layer (∼70 nm) grown at
700 ◦C (HT-Ge).[36, 37] Next, we grew a 70-nm-thick
phosphorous (P)-doped n-Si0.1Ge0.9(111) layer by MBE
at 350 ◦C on top of the HT-Ge layer. The Ge content
x in the SiGe layer was adjusted by controlling the de-
position rates of Si and Ge, determined by x-ray diffrac-
tion (XRD) measurements of the SiGe layer grown on
Ge(111) substrate.[38] The carrier concentration (n) in
the n-SiGe(111) layer was determined to be n ∼ 5 × 1018
cm−3 from Hall-effect measurements. Since the electrical
properties of the HT-Ge layer were p-type conduction and
relatively high resistivity compared to the spin transport
(n-SiGe) layer, we can ignore the spin diffusion into the
HT-Ge layer. To promote the tunneling conduction of
electron spins through the Schottky barriers,[39] a 7-nm-
thick P δ-doped Ge layer with an ultra-thin Si layer was
grown on top of the spin-transport layer.[40] A schematic
of the grown heterostructure is illustrated in Fig. 1(a).
Figure 1(b) shows Raman spectra of the grown SiGe
layer, together with a pure Ge. The three main peaks
corresponding to the Si-Si (∼450 cm−1), Si-Ge (∼390
cm−1), and Ge-Ge (∼290 cm−1) bonds are observed, and
their positions are consistent with the previous reports
for high Ge-content SiGe layers.[41, 42] Here the weaker
peak at ∼300 cm−1, almost equivalent to that from the
pure Ge, comes from the 7-nm-thick Ge capping layer in
Fig. 1(a). From these Raman spectra, we can judge that
the (111)-oriented SiGe layer was formed on the epitax-
ial Ge layer on Si(111). In addition, we characterized
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FIG. 1. (Color online) (a) Schematic of the grown
Si0.1Ge0.9/Ge/Si(111) heterostructure for the spin transport
measurements in SiGe. (b) Room-temperature Raman spec-
tra of the grown SiGe layer prior to the growth of the
Co2FeAl0.5Si0.5 layer and a pure Ge layer. (c) and (d) are
µ−T and ρ−T plots for the grown SiGe layer, together with
the pure Ge layer in Ref. [28].
the grown SiGe layer by XRD and the fringe patterns
related to the SiGe peak were not observed (not shown
here), indicating that the grown Ge/SiGe interface was
not smooth and fully pseudomorphic. Thus, the misfit
dislocations were included in the grown SiGe layer. From
longitudinal and transverse resistance measurements, we
confirmed the n-type conduction and degenerated elec-
trical properties of the grown SiGe layer in the range of
8 to 300 K, as shown in Figs. 1(c) and 1(d). An elec-
tron mobility (µ) of ∼325 cm2/Vs and an n of ∼5 ×
1018 cm−3 were obtained at 8 K, which are not markedly
lower than those of pure Ge in our previous works.[28–30]
Therefore, we can understand that the influence of the
misfit dislocations on electrical properties for SiGe layer
is relatively limited.
To investigate spin transport in the grown SiGe layer,
we grew a 10-nm-thick Co2FeAl0.5Si0.5 (CFAS) film as a
spin injector/detector on top of it by well-established low-
temperature MBE techniques.[30, 43] Figure 2(a) shows
a schematic of the fabricated lateral spin valves (LSVs)
with the CFAS/SiGe Schottky-tunnel contacts. The de-
tailed fabrication processes were described elsewhere.[30]
The sizes of the spin injector and detector in the LSVs
are 0.4 × 5.0 µm2 and 1.0 × 5.0 µm2, respectively. To
evaluate the spin diffusion length of the SiGe layer, we
changed the edge-to-edge distance (d) between the spin
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FIG. 2. (Color online) (a) Schematic illustration of the fab-
ricated CFAS/n-SiGe based LSV. (b) NL magnetoresistance
curve and (c) Hanle effect curves of the CFAS/n-SiGe LSV
for the parallel and antiparallel magnetization configurations
at 50 K at I = −3.5 mA.
injector and spin detector from 0.4 to 2.0 µm. By mea-
suring I −V characteristics, Schottky-tunnel conduction
through the CFAS/SiGe interfaces was seen, as shown
in our previous works[29, 30] and these properties were
reproduced from device to device.
Figure 2(b) displays a hysteresis curve of the nonlocal
magnetoresistance (∆RNL = ∆VNL/I) in an LSV with
d = 0.5 µm by applying in-plane magnetic fields (By),
measured at I = -3.5 mA at 50 K, where the negative
sign of I (I < 0) means that the electrons are injected
from CFAS into the SiGe channel, i.e., spin injection con-
dition, through the Schottky tunnel barrier. A nonlocal
spin-valve signal with a magnitude (|∆RNL|) of ∼ 1.7
mΩ can be seen at 50 K, in which the observed spin-
valve behavior is attributed to the change in the mag-
netization configurations of the two different CFAS con-
tacts used between parallel and anti-parallel magnetiza-
3tion states. However, the value of |∆RNL| is markedly
small compared to that for CFAS/Ge-LSVs.[29, 30] The
difference in |∆RNL| might be due to the degraded qual-
ity of the CFAS/SiGe heterointerface. Using the nonlo-
cal four-terminal geometry under applying out-of-plane
magnetic field (Bz), we also record Hanle-type spin pre-
cession curves for the parallel and anti-parallel magne-
tization states of the CFAS contacts in Fig. 2(c). The
recorded ∆RNL curves are evidence for the generation,
manipulation, and detection of pure spin currents in the
n-SiGe layer. These data shown in Fig. 2 mean the
first experimental demonstration of the pure spin current
transport in a n-SiGe alloy.
Using the following one dimensional spin drift diffusion
model [44, 45], we can tentatively obtain a spin lifetime
(τSiGe) and a diffusion constant (D) of the SiGe layer
used here.
∆RNL(Bz) = ±A
∫ ∞
0
φ(t)cos(ωLt)exp
(
− t
τSiGe
)
dt, (1)
where A =
PinjPdetρSiGeD
S and φ(t) =
1√
4piDt
exp
(
− L2
4Dt
)
.
P inj and P det are electron spin polarizations in SiGe cre-
ated by the spin injector and detector, respectively, ρSiGe
is the resistivity (ρSiGe = 4.3 mΩcm), S is the cross sec-
tion (S = 0.49 µm2) of the n-SiGe layer used here. L
is the center-to-center distance between the spin injec-
tor and detector (L = 1.2 µm), ωL (= gµBBz/~) is the
Larmor frequency, g is the electron g-factor (g = 1.56)
in Si0.1Ge0.9,[35] µB is the Bohr magneton. As a result,
a τSiGe of 0.2 ± 0.06 ns and a D of 11.2 ± 0.6 cm2/s
can be estimated from the fitting to the Hanle data with
Eq. (1). Using the relation, λ =
√
Dτs, we can roughly
obtain a λSiGe of 0.47 ± 0.02 µm at 50 K.
We also measured ∆RNL for SiGe-LSVs with various
d. The d dependence of |∆RNL| at 30 and 50 K is shown
in Fig. 3. The value of |∆RNL| is exponentially decreased
with increasing d. In general, the d dependence can be
represented by the following equation [44, 46],
|∆RNL| = |Pinj||Pdet|ρSiGeλSiGe
S
exp
(
− d
λSiGe
)
, (2)
where ρSiGe = 4.3 mΩcm and S = 0.49 µm
2. From fitting
the decay of |∆RNL| to Eq. (2), the values of λSiGe can
be estimated to be 0.51 and 0.48 µm at 30 and 50 K, re-
spectively. These values are consistent with the obtained
value from the fits to the Hanle data shown in previous
paragraph. We also note that a λSiGe of ∼0.5 µm at low
temperatures is consistent with the spin diffusion length
of pure Ge layers with n = 4−8 × 1018 cm−3 at low tem-
peratures, reported previously in Ref. [28, 29]. Although
we could not examine the d dependence of the nonlocal
spin signals at higher temperatures, there was almost no
change in λSiGe between 30 and 50 K, also consistent with
Ge in Ref. [28]. We can also discuss τSiGe from the d de-
pendence in Fig. 3 and the relation of λ =
√
Dτs. Here
the value of D can be estimated from Eq. (4) in Ref.
[47] and the electron mobility (µ ∼ 330 cm2/Vs at 30
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FIG. 3. (Color online) d dependences of |∆RNL| for a SiGe
LSV at 30 (blue) and 50 K (red). The solid and dashed lines
indicate the results of fitting to Eq. (2).
K, µ ∼ 307 cm2/Vs at 50 K) of the used SiGe layer, ex-
perimentally obtained by Hall-effect measurements. The
calculated values of D at 30 and 50 K are 13.8 cm2/s and
13.5 cm2/s, respectively. As a consequence, τSiGe ∼ 0.18
ns can be obtained at 30 and 50 K. The estimated τSiGe
value is also consistent with that obtained from Hanle
measurements. From these results, we can judge that,
for n-Si0.1Ge0.9, the reliable values of λSiGe (∼0.5 µm)
and τSiGe (∼ 0.2 ns) at low temperatures are shown in
this study.
Recently, Song et al. theoretically proposed that the
spin relaxation at low temperatures in multivalley semi-
conductors such as Si and Ge is dominated by the in-
tervalley spin-flip scattering induced by the central-cell
potential of impurities,[48] which is so called the donor-
driven spin relaxation. We have experimentally clari-
fied that the spin relaxation mechanism at low tempera-
tures in degenerate Si[23] and Ge[28, 29] cannot quan-
titatively be interpreted in terms of the Elliott-Yafet
mechanism but the mechanism due to the impurity- and
phonon-induced intervalley spin-flip scattering. Using
their theory,[48] we can tentatively discuss the spin life-
time in the degenerate SiGe layers. When the Fermi en-
ergy (ǫF) is larger than the thermal energy (kBT ) at low
temperatures, the spin scattering rate ( 1τ ) depends on the
concentration of the donor impurity (Nd) in degenerate
conditions,[48] where kB is the Boltzmann’s constant. If
Nd is regarded as n in the used degenerate Si0.1Ge0.9,
the donor-driven spin relaxation in degenerate SiGe can
be expressed as follows.
1
τ
≈ 4πnmea
6
B
27~3
(
3π2n
) 1
3 ∆2so, (3)
where aB and me are the Bohr radius and the elec-
tron effective mass in Si0.1Ge0.9, respectively. ∆so is the
spin-orbit coupling induced splitting of the triply degen-
erated 1s (T 2) donor state in Si0.1Ge0.9. Here we as-
signed ǫF ≈ ~22me
(
3π2n
)2/3
to conduction electron energy
4(ǫk) from Eq. (4) in Ref. [48]. According to previous
literature,[4, 15, 16, 35] we can assume that the parame-
ters for Si0.1Ge0.9 such as aB, me, ∆so are almost equiva-
lent to those in pure Ge. Thus, we tentatively used aB =
6.45 nm,[49] n = 5.0 × 1018 cm−3, me = 0.16m0,[50] and
∆so = 0.11 meV.[28, 29] Here the assumed ∆so values are
much smaller than the valley-orbit induced singlet-triplet
splitting in P doped Ge of ∼2.83 meV [51]. As a result,
we can obtain a spin lifetime of ∼0.3 ns, nearly consistent
with the experimentally estimated values shown in the
previous paragraph. These mean that the spin-related
physics including spin relaxation mechanism in Si0.1Ge0.9
is similar to that in pure Ge.[28–30] From now on, if
Si1−xGex alloys with x ≤ 0.85 is utilized as a spin trans-
port layer, pure spin current transport showing charac-
teristics of Si-like electronic band structures may be ob-
served. In our experiments, however, the growth of the
Si1−xGex alloys is limited only on the HT-Ge(111)/LT-
Ge(111) structure on Si(111) substrate, leading to the
strained Si1−xGex alloys with x ≤ 0.85. When the strain
is induced in the Si1−xGex alloys, the strain effect on the
spin-related physics can be dominant.[52] Therefore, at
around x ∼ 0.85, it may be difficult to observe the great
change in the spin-related physics depending on x.
In summary, we studied pure spin current transport
in Si0.1Ge0.9 alloy (n ∼ 5.0 × 1018 cm−3). Four-
terminal nonlocal magnetoresistance signals and Hanle-
effect curves were observed in the SiGe-based LSVs. The
spin diffusion length and spin lifetime of a SiGe layer at
low temperatures were experimentally estimated to be
∼0.5 µm and ∼0.2 ns, respectively. This study demon-
strates the possibility of exploring physics and developing
spintronic applications using SiGe alloys.
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